Three genes of NsERFs (EREBPs), transcription factors for GCC box of basic PR genes, were isolated from Nicotiana sylvestris. Analyses of transgenic tobacco carrying the NsERF promoter: :GUS genes showed that expression of all NsERF genes in leaves was induced by ethylene. Sequence analyses indicated that the 5-upstream region of NsERF3 gene has the GCC box. In contrast, the promoter regions of NsERF2 and 4 have no GCC box, whereas NsERF2 has a putative EIN3 binding site. Tissue/ cell specific expression is also discussed.
ds-element(s) of /M,3-glucanase (PR-2, Ohme-Takagi et al. 1995) , PR-1 (Sessa et al. 1995) , and PR-5d (Sato et al. 1996) of tobacco. Several protein factors, such as ethylene receptors, protein kinases and DNA-binding proteins (e.g. ERFs, see below), that mediate ethylene-induced expression of PR genes in leaves have been identified (for reviews, Ecker 1995 , Fluhr 1998 , Kitajima and Sato 1999 .
Besides their pathogen-induced expression in leaves, basic PR genes are expressed constitutively in some organs (including roots and limited parts of seedlings) and in cultured cells even without infection (Kitajima et al. 1998 , and references therein). Like pathogen-induced gene expression in leaves, the constitutive expression of the PR gene in plant organs, in particular the roots, has significance for plant defense. The root usually is surrounded by soil in which microorganisms proliferate and is considered to defend itself by a preexisting defense mechanism, as well as an induced one (Agrios 1997) . The molecular signals that cause constitutive tissue-specific expression of PR genes are not clear, whereas a study of Arabidopsis mutant etrl, which is insensitive to ethylene, indicated that the constitutive expression of the basic chitinase (PR-3) gene in root, in part, does not depend on ethylene (Samac et al. 1990 ).
ERFs, ethylene-responsive element binding factors (formerly called EREBPs), are DNA-binding proteins, which recognize the GCC box for basic PR genes (OhmeTakagi et al. 1995) . In addition to the ethylene-induced expression of basic PR genes, ERFs are thought to be essential factors in the constitutive expression of basic PR genes in roots and cultured cells because disruption of GCC boxes abolished PR-5d promoter::GUS fusion gene expression in the roots and cultured cells of transgenic tobacco (Kitajima et al. 1998) . Northern analysis showed that in general these tobacco ERF genes are positively regulated by ethylene in aerial parts and constitutively expressed in roots and cultured cells, as are basic PR genes (Ohme-Takagi et al. 1995) .
ERFs isolated from tobacco consist of three groups based on their amino acid sequences; ERF1/2, 3 and 4. Whereas the conserved 59 amino acids-region (called the ERF domain) among three ERF groups confers DNAbinding activity and sequence specificity (Ohme-Takagi et al. 1995) , different transactivation abilities of 3 groups of ERFs as a transcriptional activator or a repressor were recently clarified (Fujimoto et al. 2000 . To clarify the roles of individual ERFs in diploid, we cloned the NsERF genes from Nicotiana sylvestris, an ancestor of tobacco (TV. tabacum). The three genes isolated from TV. sylvestris corresponded to the three classes of tobacco ERFs. The ethylene-induced and tissue-specific expression of each NsERF gene was analyzed in transgenic tobacco carrying NsERF promoter::GUS genes.
Isolation of NsERF genes-We screened the genomic library of TV. sylvestris to obtain genomic clones encoding genes homologous to tobacco ERFs. Construction of the genomic library of TV. sylvestris has been described elsewhere (Sato et al. 1996) . Totally 1 x 10 6 clones were screened by plaque hybridization with the 32 P-labeled tobacco ERF cDNAs as probes. The filter membranes were incubated at 60°C in rapid hybridization buffer, supplemented with the 32 P-labeled probe, then washed in solution containing 1 x SSC and 0.1% SDS at 60°C. The clones obtained were grouped by Southern analysis. By sequential hybridization with the cDNAs of tobacco ERF 1, 2, 3 and 4 as probes, we isolated clones which were grouped to six genes by Southern analysis. The tobacco ERF1 probe showed intense hybridization signals to three groups when filter membranes were washed in the 1 xSSC and 0.1% SDS solution at 60°C, but the signals were completely lost when membranes were washed in 0.3 x SSC and 0.1% SDS solution at 65°C. The other three groups of clones showed intense hybridization signals, respectively to tobacco ERF2, 3 and 4, even when filter membranes were washed in 0.3 x SSC and 0.1% SDS solution at 65°C, and were used for further characterization.
Sequence analysis of NsERF genes of TV. sylvestris -Nucleotide sequences of these isolated clones were determined in a DSQ1000 automated DNA sequencer (Shimadzu, Japan) using a Thermo Sequenase sequencing kit (Amersham). Computer-aided sequence analysis was done with the GeneWorks (IntelliGenetics, CA, U.S.A.) and Mac Vector (Oxford Molecular Group, CA, U.S.A.) programs. A phylogenetic tree was constructed using the DendroMaker program (http://cib.nig.ac.jp/dda/ timanish/dendromaker/home.html) based on the results of the Clustal W program (Thompson et al. 1994) .
Nucleotide sequence analysis of the 3 groups of NsERFs showed that these clones encoded genes homologous to tobacco ERF2, 3 and 4, therefore, the genes were named NsERF2, 3 and 4, respectively. The deduced amino acid sequences and phylogenetic tree are shown in Fig. 1 . The amino acid sequence of NsERF2 showed similarity to tobacco ERF1 and 2 throughout the region, therefore we concluded that NsERF2 belongs to the ERF 1/2 class. The respective amino acid identities of NsERF2 to tobacco ERF1 and 2 were 69 and 93%. Furthermore, the ERF domain was identical to that of tobacco ERF2. The amino acid sequence of NsERF3 showed 93% identity to that of tobacco ERF3, and the ERF domain was identical. These facts indicate that NsERF2 and 3 are orthologs of tobacco ERF2 and 3, respectively. In contrast, NsERF4 had less similarity to the corresponding ERF of tobacco showing only 77% identity to tobacco ERF4. The similarity throughout the region and the conserved ERF domain showed, however, that NsERF4 is a member of the tobacco ERF4 class.
Nucleotide sequences with lengths of about 2.3, 1.4 and 1.4 kb in the respective 5' upstream regions of NsERF2, 3 and 4 genes also were determined. No similarities were found in the 5' upstream regions of the three NsERF genes (data not shown). The NsERF3 gene had one complete GCC box (AGCCGCC, from -1,028 to -1,034 when numbered + 1 at the putative translation initiation site) and one incomplete GCC box (CGCCGCC, from -171 to -177) (Fig. 2) . The existence of GCC boxes raises the possibility that NsERF3 gene expression is driven by NsERF3 itself or by other ERFs, amplifying the pathogenand ethylene-signal.
No GCC box, however, was found in the NsERF2 and 4 genes. Several basic PR genes have different cis-element(s) from GCC box (for osmotin gene, Liu et al. 1995 , Raghothama et al. 1993 ; for PRB-lb gene, Eyal et al. 1993 , Sessa et al. 1995 . Arabidopsis Ethylene-Insensitive3 (EIN3) and TEIL (tobacco EIN3-like), another transcriptional factors in ethylene signaling, have been recently isolated (Solano et al. 1998, Kosugi and Ohashi 2000) . In fact, the 5'-upstream sequence of NsERF2 gene had ATGW(=A/T)AY( = C/T)CT (ATGTATCT, from -125 to -132, data not shown), the putative binding sequence of the EIN3 and TEIL (Solano et al. 1998, Kosugi and Ohashi 2000) . Because the significance of Arabidopsis EIN3 and TEIL for ethylene-induced gene expression is now clear (Solano et al. 1998, Kosugi and Ohashi 2000) , the sequence ATGTATCT (from -125 to -132) in NsERF2 gene suggests that the tobacco EIN3 homolog may function in NsERF2 gene expression. In contrast, the NsERF4 gene has neither the GCC box nor ATGWAYCT in its promoter region (data not shown).
Construction of NsERF promoterr.GUS genes and plant transformation-In both TV. sylvestris and TV. tabacum, ERFs are encoded by small multiple genes. The existence of various ERF isoforms suggests that they have different roles in the regulation of PR gene expression. The fact that there was no common consensus sequence in the 5' upstream region of the three NsERF genes also suggests that their expressions may be differentially regulated. To make a detailed analysis, we constructed NsERF promot- er::GUS fusion genes, in which the 5' upstream region of 0.6 kb length in NsERF2 gene and those of 1.4 kb in NsERF3 and 4 genes were fused to the GUS gene according to the protocol described elsewhere (Sambrook et al. 1989 ).
The 5-flanking region of NsERF2 gene between the Hindlll site located at -0.6 kb and the site of -5 bp (numbered + 1 at the deduced translational initiation site) was transcriptionally fused to the GUS gene of binary vector pBHOl (Clontech, CA, U.S.A.) to generate the NsERF2 promoter::GUS gene. The upstream region of NsERF3 gene between the BglW site at -1.4 kb and the Ncol site of + 102bp was fused translationally to the GUS gene of pBI101.2 (Clontech) to generate the NsERF3 promoter:: GUS gene. The 5'-flanking region of NsERF4 gene between the Hindlll site at -1.4 kb and the site of -16bp was transcriptionally fused to the GUS gene of pBHOl to generate the NsERF4 promoter::GUS gene. The binary plasmids obtained were transferred to tobacco (N. tabacum cv. Samsun NN) using Agrobacterium tumefaciens LBA4404 (Horsh et al. 1985) . Transgenic plants and ethylene treatment-Shoot cultures of wild type and transgenic tobacco were maintained aseptically in culture pots, AGRIPOTs (Kirin, Japan) on a half concentration of Linsmaier-Skoog medium (Linsmaier et al. 1965 ) containing 1.5% sucrose and 0.8% agar, at 24±1°C under 16 h of light (3,000 lux) and 8 h of darkness.
For the hydroponic culture of tobacco, aerial parts of aseptically cultured tobacco plants were transferred to culture pots filled with a 25% concentration of LinsmaierSkoog salt-solution. The pots were covered with plastic bags, and the plants grown under the same condition as the aseptic plants for 3-4 weeks. Regenerated roots (about 3-6 cm long) were used in the analysis of GUS activity.
In vitro grown tobacco plants having 6 or 7 mature leaves were used for ethylene treatment. Ethylene at 80 fi\ liter J was injected to AGRIPOTs containing tobacco plantlets, then the containers were sealed and kept for appropriate periods under continuous illumination (3,000 the histochemical GUS assay using 5-bromo-4-chloro-3-inlux). Plantlets in sealed AGRIPOTs, which had not been doyl-yS-D-glucuronide cyclohexylammonium were respecinjected with ethylene, were used as the negative controls. tively reported by Sato et al. (1996) and Kitajima et al. The top 3 or 4 mature leaves were harvested and analyzed.
(1998). To prevent protein synthesis during incubation, 50 GUS assay-The fluorometric GUS assay with 4-//gml" 1 of cycloheximide (Wako Pure Chemical, Japan) methylumbelliferyl-/?-D-glucuronide as the substrate and was added to the incubation solution for the histochemical 
GUS assay.
Gene expression of ERF promoter:: GUS and ethylene treatment-For each construct, the expression pattern was studied in four independent transgenic tobacco lines. Because the expression pattern of four transgenic plants with each construct was similar, the results for two lines with the highest GUS activities are shown.
Ethylene treatment increased GUS activities in the transgenic tobacco leaves (Fig. 3A) , indicative that the NsERF2, 3 and 4 promoters had the regulatory element for ethylene-induced gene expression. NsERF2 and 4 promoter: :GUS transgenic lines, however, showed less induction than NsERF3 promoter::GUS gene. Further characterization of induction kinetics was done with representative transgenic lines. NsERF3 promoter::GUS transgenic line responded the most markedly as well as rapidly to ethylene; the GUS activities of transgenic tobacco having NsERF3 promoter::GUS gene increased within 6h, whereas GUS activities of transgenic tobacco having other ERF promoter:: GUS genes increased within 12 or 24 h (Fig. 3B) . Induction kinetics of tobacco PR-5d mRNA was similar to that of NsERF3; marked accumulation within 6 h of ethylene treatment (data not shown).
Tissue/cell specific expression of ERF promoter: :GUS genes-NsERF3 and 4 promoter::GUS genes were highly expressed in roots of transgenic tobacco plants grown hydroponically (Fig. 3A) . These GUS expression was consistent with the results of Northern analysis (Ohme-Takagi and Shinshi 1995, Kitajima et al. unpublished data) . In contrast, expression of NsERF2 promoter::GUS gene was weak in roots of transgenic tobacco, even though the mRNA of tobacco ERF2 was highly accumulated in tobacco roots (Ohme-Takagi and Shinshi 1995) . This indicates that the promoter region of NsERF2 used in this experiment may be insufficient for expression in the roots, while it contains the putative binding site for tobacco To characterize cell specific expression in detail, we analyzed the histochemical expression of GUS in transgenic tobacco roots carrying the NsERF3 promoter::GUS (No. 11) and NsERF4 promoter::GUS (No. 2) genes, which showed the highest GUS activities. Although both the NsERF3 and 4 promoter::GUS genes were highly and constitutively expressed in roots under normal growth condition, cell-specific expression of these genes differed. In transgenic tobacco roots bearing the NsERF3 promoter:: GUS gene, GUS activities were detected in almost all the parts, and strong activities were detected in the root tip and emerging lateral roots (Fig. 4a-c) . Root sections showed that GUS activities were localized in the cortex and vascular tissues; e.g., some roots having GUS activities in both the cortex and vascular tissues (data not shown), others having GUS activities in one or the other of these tissues (Fig. 4d, e) . These spatial expression pattern is quite similar to those of PR-5d (Kitajima et al. 1998 ) and of £-1,3-glucanase (Castresana et al. 1990) . No GUS activity was detected in the epidermis and root hairs (Fig. 4d, e) .
In contrast, the expression of NsERF4 promoter:: GUS gene was limited mainly to the root tip and emerging lateral root tip (Fig. 4f-h ). Some GUS activities occasionally were present in vascular tissues of NsERF4 promoter:: GUS transgenic tobacco (Fig. 4i, j) . The variation observed would be due to the fluctuation of the expression mediated by ethylene generated during development and/or environmental stresses.
In general, tissue/cell specific expression pattern of the NsERFs corresponded well to those of the expression of basic PR genes in non-stressed plants. Especially, the expression pattern of NsERF3 was highly correlated to the patterns of basic PR genes. This would be due to the presence of GCC boxes in 5-upstream region of NsERF3 gene. Recent investigation indicated that class I (tobacco ERF 1/2 and Arabidopsis ERF 1/2)-and class III (tobacco ERF4 and Arabidopsis ERF5)-ERFs function as transcriptional activators of GCC box-dependent transcription, whereas class II (tobacco ERF3 and Arabidopsis ERF3/4)-ERFs act as repressors that downregulate not only basal transcription levels of a reporter gene but also the transactivation activity of other transcription factors (Fujimoto et al. 2000) . More detailed analyses of the regulation of each ERF gene expression, the cis sequences of the individual basic PR genes, to which each ERF binds preferentially, and further biochemical characterization of ERF activity including post-translational regulation are required to clarify the different functions of ERFs in the regulation of basic PR genes.
